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ABSTRACT 
The c rack  growth  r e s i s t a n c e  o f  a t e x t u r e d ,  ex t ruded  a lumina body was 
compared w i t h  t h a t  o f  an i s o t r o p i c ,  i sop ressed  body of s i m i l a r  g r a i n  s i z e ,  
d e n s i t y ,  and chemis t r y .  R-curve l e v e l s  r e f l e c t e d  t h e  p r e f e r r e d  o r i e n t a t i o n ;  
m 
h 
8 however, R-curve s lopes  (dKIR/d Aa) were t h e  same i n  a l l  i ns tances ,  i m p l y i n g  a 
I 
w 
s i m i l a r  c r a c k  growth  r e s i s t i v e  mechanism. Three o r thongona l  o r i e n t a t i o n s  o f  
c r a c k  growth  i n  t h e  two s t r u c t u r e s  e x h i b i t e d  s i m i l a r  forms o f  KIR versus 
Aa curves ,  f o r  which a schematic d iagram f o r  p o l y c r y s t a l l i n e  ceramics i s  
proposed. 
I .  INTROOUCTION 
The mechanical p r o p e r t i e s  o f  p o l y c r y s t a l  1 i n e  ceramic bodies f r e q u e n t l y  
v a r y  w i t h  t e s t  specimen o r i e n t a t i o n .  T h i s  v a r i a t i o n  i s  t h e  d i r e c t  r e s u l t  o f  
s t r u c t u r a l  t e x t u r e ,  and the  a n i s o t r o p y  o f  i n d i v i d u a l  c r y s t a l s  o r  g r a i n s  
compr i s ing  t h e  body. For a lumina (Al2O3>,  t h e  i n d i v i d u a l  c r y s t a l s  or g r a i n s  
e x h i b i t  a n i s o t r o p y  of e l a s t i c  modulus, thermal  expansion c o e f f i c i e n t ,  and 
f r a c t u r e  toughness. For example, Young's modulus o f  A1203 ranges from 
460 GPa i n  the  COO011 t o  425 GPa i n  t h e  [ f 2 f O I ,  and t h e  c o e f f i c i e n t  o f  thermal  
expansion ranges from 7 . 2 ~ 1 0 - ~  O C  i n  t h e  [ O O O l I  to  6 . 3 ~ 1 0 - 6  O C  i n  the  [T2iO1. 
* 
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These variations of Young's modulus and the coefficient of thermal expansion 
are not large, but they are sufficient to result in residual microstresses as 
polycrystal 1 i ne a1 umi na i s cooled from sintering temperatures .3 
The fracture toughness anisotropy of single crystal A1203 is such that 
the basal C-(OOOl> plane is the most resistant to cleavage, some 45 percent 
tougher than the M-(lOiO) prism plane. 
textured polycrysalline alumina can be expected to depend on the degree of 
texture and the crack plane orientation. A s  a result, a fundamental 
understanding of the effects of texture on fracture toughness is necessary to 
interpret fracture test results. 
Thus, the fracture toughness of 
Alumina powder from the Bayer process is plate-like in shape and 
possesses a basal habit (i.e., the basal plane and the plate s u r f a c e  are 
parallel). 
of these plate-like powder particles during some types of powder processing. 
Pentecost4 has measured texture i n a1 umi na cerami c bodies prepared by 
slipcasting, extrusion, dry pressing, hot pressing, and isopressing 
processes. S1 ipcasting, extrusion, and dry pressing can produce strong 
intrinsic textures, while isostatic pressing and hot pressing usually do not. 
In addition to crystallographic or intrinsic texture, a macro-texture or 
A crystallographic or intrinsic texture i s  developed by alignment 
extrinsic texture5 often occurs in powder processed ceramics. Extrinsic 
textures occur as anisotropic distributions of pores, second phases, and 
processing additives. Such tex 
or pressure gradients that deve 
existence of both extrinsic and 
polycrystalline ceramic materia 
also exist independently. lO-l3 
ure is often the result of thermal, chemical, 
op during processing. The simultaneous 
intrinsic textures is common to many 
s , 6 - 9  although these two types of texture may 
The objective of this paper i s  to report the measured effects of texture 
on fracture toughness and crack growth resistance for polycrystalline 
2 
I .  
L 
t 
alumina.  I t  has been e s t a b l i s h e d  t h a t  t e x t u r e  r e s u l t s  i n  s t r e n g t h  and 
f r a c t u r e  toughness a n i s o t r o p y  f o r  p o l y c r y s t a l l i n e  ceramics;  however, t h e  
e f fec ts  on R-curve behav io r  have n o t  been p r e v i o u s l y  r e p o r t e d ,  no r  c o n t r a s t e d  
w i t h  r e s u l t s  from a s i m i l a r ,  b u t  i s o t r o p i c ,  ceramic body. I n  t h i s  s tudy ,  
c rack  growth  r e s i s t a n c e  i s  descr  bed by the  t r a d i t i o n a l  
which t h e  s t r e s s  i n t e n s i t y ,  KIR, i s  p resented  as a f u n c t i o n  o f  the  a c t u a l  
c rack  ex tens ion ,  Aa. Occasional  y ,  normal ized  c rack  ex tens ions  have been used 
i n  t h e  l i t e r a t u r e ; 1 4  however, c rack  growth r e s i s t a n c e  i s  cons idered t o  be 
independent o f  t h e  i n i t i a l  c rack  l e n g t h ,  and a f u n c t i o n  o f  t h e  c r a c k  
ex tens ion  Aa, as o r i g i n a l l y  proposed fo r  me ta l s .15  
R-curve approach, i n  
11. EXPERIMENTAL PROCEDURES 
Mater i a1 s 
A 96 p e r c e n t  a lumina powder* was processed t o  y i e l d  p o l y c r y s t a l l i n e  
ceramic bod ies  o f  s i m i l a r  d e n s i t i e s ,  g r a i n  s i zes ,  and c h e m i s t r i e s .  One body, 
however, was processed by e x t r u s i o n  t o  y i e l d  a s t r u c t u r a l  t e x t u r e ,  w h i l e  t h e  
o t h e r  body was i s o s t a t i c a l l y  pressed t o  y i e l d  an i s o t r o p i c  body. Both  bod ies  
w e r e  made from t h e  same semi-ground Bayer process a lumina by w e t  g r i n d i n g  t h e  
o r i g i n a l  a lumina and a d d i t i v e  ox ides  i n  an a lumina l i n e d  b a l l  m i l l  u s i n g  a 
dense a lumina media. The m i l l e d  powders w e r e  then mixed w i t h  the  a p p r o p r i a t e  
l u b r i c a n t s ,  p l a s t i c i z e r s ,  and water  p r i o r  t o  e x t r u s i o n  or i s o p r e s s i n g .  The 
green formed b lanks  were  then machined t o  the  d e s i r e d  geometry and f i r e d  a t  
1630 'C.16 
Chemical compos i t ions ,  d e n s i t i e s ,  and Young's modu l i  o f  these a luminas 
were p r e v i o u s l y  determined,17 and a re  compi led i n  Tables I and 11. 
M i c r o s t r u c t u r e s  a re  i l l u s t r a t e d  i n  F i g .  1 .  A l though the  isopressed a lumina 
e x h i b i t s  t a b u l a r  g r a i n s  and e longated  pores ,  no a l ignment  o f  g r a i n s  or pores 
* 
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is evident. The extruded material also exhibits tabular gra 
pores; however, the alignment of their long axes parallel to 
direction is obvious. This alignment indicates texture with 
a1 umi na. 
Texture Measurements 
ns and elongated 
the extrusion 
n the extruded 
The intrinsic texture was characterize by an x-ray diffraction inverse 
pole figure,1° in which the normalized planar intensities of the extruded 
alumina were compared to those of the isostatically pressed alumina. The 
normalized intensities were used to calculate the ratio R :  
[IEXT(hki 1 )] 
R =  [IISO(hki 1 )] 
where IEXT and IISO are the normalized intensities o f  the extruded and the 
isopressed samples, respectively. The ratio, R, is plotted as a function o f  
the interplanar angle between the (hkil) 
the basal plane. Figure 2 reveals a strong basal texture normal to the 
extrusion axis. 
plane and the plane of interest, 
This type of texture is known as a spiral wire texture.10 
The extrinsic texture was characterized by computerized image analysis* 
of polished longitudinal sections. 
linear intercept method, in accordance with ASTM E112.l8 The mean lengths and 
breadths of the grains and pores are compiled in Table 111. Also, results for 
measurement directions parallel to and perpendicular to the long axes of the 
as-processed blanks are listed. 
grains of similar average sizes in both materials. However, the results also 
reveal that the long axes o f  the pores and the tabular grains of the extruded 
alumina are aligned parallel to the extrusion direction. 
The grain size was also measured by the 
These results indicate elongated pores and 
Cambridge Quantimet 900 
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Toughness and Crack Growth Resis tance Measurements 
F r a c t u r e  toughness va lues  and c r a c k  growth  r e s i s t a n c e s  o f  t h e  two 
aluminas were measured u s i n g  chevron-notched s h o r t  bar  specimens o f  dimensions 
and geometry shown i n  F i g .  3 .  Due to  t h e  s p i r a l  w i r e  t e x t u r e ,  specimen 
o r i e n t a t i o n  i s  des gnated i n  accordance w i t h  s tandard  n o t a t i o n  f o r  round ba r  
s tock ,  as g i v e n  i n  ASTM E399-83.19 The l o n g  axes o f  the  specimen b lanks  a re  
des ignated  as t h e  o n g i t u d i n a l  a x i s .  Th i s  a x i s  corresponds t o  the  e x t r u s i o n  
I .  
a x i s  ( d i r e c t i o n )  o f  the  ex t ruded  b lanks ,  and t o  t h e  l o n g  d imension o f  t h e  
i s o s t a t i c a l l y  pressed b lanks .  Specimens of t h e  RC, LC, and RL o r i e n t a t i o n s  
were s tud ied ,  as i l l u s t r a t e d  i n  F i g .  4 .  
F r a c t u r e  t e s t i n g  was performed by m o n o t o n i c a l l y  l o a d i n g  the  specimens a t  
a stroke r a t e  o f  0.05 mm/min. 
27 "C and 50 t o  60 pe rcen t ,  r e s p e c t i v e l y .  
c a l c u l a t e d  w i t h  t h e  equa t ions  of Bubsey e t  a1.,20 u s i n g  maximum t e s t  l oad ,  
Temperature and h u m i d i t y  ranged from 24 t o  
The f r a c t u r e  toughness, KIC, was 
Pmax, and minimum s t r e s s  i n t e n s i t y  c o e f f i c i e n t  Y*min: 
* 
'max'min , 
K I C  = * . p ( 2 )  
where B and W a r e  t h e  specimen t h i c k n e s s  and w i d t h .  
Crack growth  r e s i s t a n c e  t e s t s  were per formed by  g r a d u a l l y  l o a d i n g  t h e  
specimen u n t i l  a smal l  inc rement  o f  s t a b l e  c r a c k  ex tens ion  occu r red ,  and then  
un load ing  to  a smal l  p re load .  T h i s  sequence was repeated  u n t i l  a t o t a l  c r a c k  
ex tens ion  o f  about  10 mm was achieved,  a t  which the  i n s t a b i l i t y  p o i n t  o f  t h e  
specimen occu rs .  
maximum l o a d  sus ta ined  p r i o r  to  un load ing ,  PR, and t h e  s t r e s s  i n t e n s i t y  
c o e f f i c i e n t ,  Y*,  for the  cor respond ing  c r a c k  l e n g t h .  
The c rack  growth  r e s i s t a n c e ,  KIR, was c a l c u l a t e d  from the  
Crack l eng ths  and s t r e s s  
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intensity coefficients were calculated from the experimental compliance 
relations of Budsey et a1.20 
11. RESULTS AND DISCUSSION 
Fracture Toughness and Elastic Modulus 
Fracture toughness values, KIC, and Young's moduli, E, of the two 
materials are summarized in Tables I1 and IV. The isostatically pressed 
material consistently exhibits the same elastic modulus and fracture toughness 
in all three orientations tested. For all practical purposes this isopressed 
a1 umi na i s i sotropi c. The properi tes o f  the extruded materi a1 , however, were 
observed to vary substantially with orientation. The elastic modulus is 
largest for the LC orientation of the extruded alumina, but only about 
5 percent higher than the RL and RC orientations. Fracture toughness o f  the 
extruded material varies by nearly 40 percent, with the RC orientation being 
the toughest. 
reported for a l ~ m i n a s . ~ 1 - 2 ~  
the RC orientation is about 10 percent greater than that of the basal plane of 
sapphire,2 so additional energy dissipation, above that the cleavage failure 
of the individual A1203 grains, must be involved. 
These toughnesses fall within the range of 2.8 to 6.4 MPa*m1/2 
It should be pointed out that the toughness of 
Fracture toughness of the isostatically pressed alumina and the LC 
orientation o f  the extruded material are similar. Considering the similar 
chemistries, densities, mean grain sizes, and mean pore sizes, it is concluded 
that the extrusion texture is responsible for these large mechanical property 
differences. 
Crack Growth Resistance 
R-curves for the two materials are presented in Fig. 5 .  A rising crack 
growth resistance is evident for both materials. Although the stress 
intensity levels of crack growth resistance are distinctly different, it 
should be emphasized that the linear slopes of  the R-curves, as determined by 
6 
r e g r e s s i o n  a n a l y s i s ,  a r e  s i m i l a r  f o r  b o t h  o f  the  a luminas i n  a l l  o r i e n t a t  
t e s t e d .  Regress ion r e s u l t s  a r e  compi led i n  Table I V .  
The R-curves a r e  l i n e a r  o v e r  t h e  range of c rack  ex tens ions  measured 
t h i s  s tudy ,  however, a n o n l i n e a r i t y  o f  the  R-curve has been observed and 
r e p o r t e d  e lsewhere for a w ider  range o f  c r a c k  ex tens ions  i n  t h i s  a lumina 
on s 
i n  
m a t e r i a l ~ . 2 5 - ~ ~  The n o n l i n e a r i t y  appears t o  be specimen geometry dependent 
and can be a r r i b u t e d  to  t h e  development o f  a damage zone. 
a l s o  revea led  t h e  e x i s t e n c e  of a p l a t e a u  i n  t h e  
beyond 12 mm. 
behav io r ,  as shown i n  F i g .  6. I n i t i a l l y  t h e  R-curve e x h i b i t s  a s t r o n g  r i s e  
t h a t  can be a t t r i b u t e d  to  t h e  incomple te  development of a wake damage zone. 
As  a wake damage zone i s  e s t a b l i s h e d ,  t h e  c r a c k  growth r e s i s t a n c e  inc reases  
w i t h  c r a c k  e x t e n s i o n  u n t i l  a p l a t e a u  l e v e l  i s  reached. Th is  l e v e l  corresponds 
t o  t h e  t r u e  macroscopic  f r a c t u r e  toughness o f  the  m a t e r i a l .  
The p rev ious  work 
R-curve a t  c rack  ex tens ions  
R-curves f o r  t h i s  a lumina thus  e x h i b i t  a t  l e a s t  two r e g i o n s  o f  
The m i c r o s t r u c t u r a l  c h a r a c t e r  ( t h e  s i z e  and shape of t h e  g r a i n s  and 
pores)  and s i n g l e  c r y s t a l  f r a c t u r e  toughnesses thus c o n t r o l  t h e  l e v e l  o f  t h e  
R-curve and t h e  toughness. 
c h a r a c t e r i s t i c s  t h a t  a r e  common t o  b o t h  a luminas- -b r idg ing  and m i c r o c r a c k i n g  
i n  t h e  wake r e g i o n .  
t he  R-curve can a l s o  be s t r o n g l y  i n f l u e n c e d  by the  g r a i n  s i z e .  
have n o t  s p e c i f i c a l l y  addressed t h e  e f f e c t ,  i t  i s  e v i d e n t  t h a t  t h e  g r a i n  s i z e  
e f f e c t  occurs  by t h e  requ i remen t  t h a t  t h e  b r i d g i n g  l i gamen t  ( i . e . ,  t h e  g r a i n )  
be l a r g e  r e l a t i v e  t o  t h e  c r a c k  open ing  d isp lacement .  
The s lope,  dKIR/d Aa, depends on damage 
S t e i n b r e c h  e t  a1 . 1 4  have determined t h a t  t h e  s lope  o f  
A l though  they  
The e x i s t e n c e  of a p l a t e a u  r e g i o n  a t  l a r g e  c rack  ex tens ions  has been 
e x p e r i m e n t a l l y  e s t a b l i s h e d  i n  a r e l a t e d  s tudy27 of i s o s t a t i c a l l y  pressed 
a lumina and a l s o  was r e p o r t  by R e i c h l  and Ste inbrech28 for  o t h e r  a luminas.  
The p l a t e a u  i s  i n d i c a t i v e  of a f u l l y  developed wake r e g i o n  such t h a t  t h e  c r a c k  
7 
bridging and frictional effects behind the advancing crack front are maximized 
to the extent allowed by the crack opening displacement. 
Fractography 
Macrographs of the fracture surfaces are illustrated in Figs. 7 and 8. 
All three orientations of the isotatically pressed alumina exhibit the same 
fine, granular fracture surface free of any outstanding features. 
extruded material, however, exhibits a distinctly different fracture 
topography. The LC orientation of the extruded material has a fracture plane 
that is perpendicular to the extrusion direction. Its fracture surface is 
smooth with rounded mounds and dimples, as shown in Fig. 8(a). The RC and RL 
orientiations of the extruded material have fracture test planes oriented 
parallel to the extrusion axis. Their fracture surfaces exhibit distinct 
ridges and valleys. These features are always oriented parallel to the 
extrusion direction, regardless of the crack growth direction, and indicate an 
extrinsic textural effect. 
within the body. 
linking of aligned or clustered flaws, so that a distinctive fracture surface 
(failure path) is created during crack propagation. Evidently the internal 
flaw distribution in the isostatically pressed alumina is random and a 
homogenous fracture pattern is exhibited. 
The 
They appear to be the result of aligned flaws 
Crack growth within the extruded alumina occurs by the 
Scanning electron micrographs of the fracture surfaces are illustrated in 
Figs. 9 to 1 1 .  
topography in all orientations, of which Fig. 9 is typical. 
valleys previously noted in macrographs of extruded alumina are illustrated in 
Fig. 10. Figure 10(a) illustrates a fracture ridge and the surrounding region 
for an RL orientation. 
of fine, well aggregated grains that have failed at high angles. 
to the sides of the ridge are shown at the top of Fig. 10(a> and appear as 
8 
The isostatically pressed alumina has a uniform fracture 
The ridges and 
The ridges, detailed in Fig. 10(b>, are dense regions 
The regions 
dark  p lanes  c o n t a i n i n g  many l a r g e ,  t r a n s g r a n u l a r l y  f a i l e d  g r a i n s  and some f i n e  
p o r o s i t y .  E v i d e n t l y  t he  i n t e r n a l  f l aw  p o p u l a t i o n  o f  the  r i d g e s  and the  
ad jacen t  r e g i o n s  a r e  d i f f e r e n t .  
r e g i o n s  su r round ing  t h e  r i d g e s ,  as i n  t h e  lower l e f t  o f  F i g .  10 (b> .  
Sur face  m ic roc racks  a re  a l s o  e v i d e n t  i n  
The main f r a c t o g r a p h i c  f e a t u r e s  o f  t h e  LC o r i e n t a t i o n  o f  t h e  ex t ruded  
a lumina a re  smal l  mounds and d imp les ,  i l l u s t r a t e d  i n  F i g .  11 .  A t y p i c a l  mound 
appears t o  be a dense, f i n e  g r a i n  s i z e ,  w e l l  aggregated r e g i o n  t h a t  i s  
surrounded by f i n e  pores and l a r g e  t r a n s g r a n u l a r l y  f a i l e d  ga ins .  
a r e  c r o s s e c t i o n s  o f  r i d g e s  apparent  i n  the  RC and RL o r i e n t a t i o n s .  I t  i s  
e v i d e n t  t h a t  t he  r i d g e s ,  v a l l e y s ,  mounds, and d imples o f  the  ex t ruded  m a t e r i a l  
a re  formed by t h e  p r imary  c r a c k  f r o n t  c i r cumven t ing  the  dense, f i n e  g r a i n  s i z e  
The mounds 
r e g i o n s ,  t o  l i n k  t h e  su r round ing  f l a w s .  
To observe t h e  energy d i s s i p a t i v e  mechanism p resen t  n these a luminas,  
a d d i t i o n a l  obse rva t i ons  w e r e  made on chevron-notched spec mens o f  t h e  ex t ruded  
m a t e r i a l .  Specimens were s e c t i o n e d  across  t h e  though- th i  kness d i r e c t i o n .  
The r e s u l t i n g  unnotched faces were p o l i s h e d  and then p a r t i a l l y  cracked by 
f o r c i n g  a wedge i n t o  t h e  specimen mouth. At tempts to  observe a f r o n t a l  
m i  c roc rack  zone proved unsuccess fu l  ; no m i  c roc racks  cou ld  be observed around 
the  main c r a c k  t i p  i n  e i t h e r  t h e  loaded or unloaded c o n d i t i o n s .  Observa t ions  
o f  t h e  wake r e g i o n ,  however, p roved more i n t e r e s t i n g .  F i g u r e  12 shows t h e  
wake r e g i o n  o f  t h e  f r a c t u r e  c r o s s e c t i o n  as observed i n  t h e  SEM. 
m ic rocracks  apparent  i n  F i g .  10(b)  can be seen t o  extend on the  o r d e r  o f  t h e  
g r a i n  s i z e ,  and t o  e x i s t  o n l y  i n  t h e  wake r e g i o n .  
f r a c t u r e  segments, and secondary c r a c k i n g  can a l s o  be observed. 
Sur face  
I n t e r l o c k i n g  g r a i n s ,  
These obse rva t i ons  a re  c o n s i s t e n t  w i t h  r e s u l t s  o f  d e t a i l e d  s t u d i e s  o f  
coarse-gra ined a lumina by Swanson e t  a1 .29 T h e i r  s tudy ,  which employed 
o p t i c a l  microscopy,  scanning e l e c t r o n  microscopy,  and p r o f i  lometery, 
determined t h a t  no f r o n t a l  m i c r o c r a c k  c loud  e x i s t s  i n  a lumina.  They a t t r i b u t e  
9 
t he  R-curve behav io r  t o  g r a i n  b r i d g i n g ,  f r i c t i o n a l  i n t e r l o c k i n g ,  and 
secondary c r a c k  a c t i v i t y .  
Toughening and Crack Growth R e s i s t i v e  Mechanisms 
The common s lopes  o f  t h e  R-curves suggest t h a t  the  same c r a c k  growth  
r e s i s t i v e  mechanism i s  o p e r t i v e  a t  d i s t i n c t l y  d i f f e r e n t  toughness l e v e l s ,  
r a n g i n g  from 3.7 t o  5 MPa*m ‘ I 2 .  
a t t r i b u t e d  t o  f a c t o r s  o t h e r  than a d i f f e r e n t  i n  the  c rack  growth r e s i s t i v e  
mechanism. The f r a c t u r e  toughness l e v e l s ,  as opposed t o  the  R-curve s lopes ,  
depend on t h e  i n t r i n s i c  and e x t r i n s i c  t e x t u r e s  i n  a s s o c i a t i o n  w i t h  the  s i n g l e  
c r y s t a l  p r o p e r t i e s  o f  A1203 and t h e  o r i e n t a t i o n  or a l ignment  of l o n g  po re  and 
g r a i n  axes r e l a t i v e  t o  t h e  p r i m a r y  c r a c k  f r o n t .  
Thus, t he  f r a c t u r e  toughness l e v e l s  must be 
The r e l a t i v e  e f f e c t s  o f  t h e  i n t r i n s i c  and the  e x t r i n s i c  t e x t u r e s  can be 
es t ima ted  by  comparing measured f r a c t u r e  toughness va lues i n  Table I V  w i t h  t h e  
s i n g l e  c r y s t a l  f r a c t u r e  toughnesses o f  A1203 i n  Table V,  and by o b s e r v i n g  t h e  
e f f e c t s  o f  d i f f e r e n t  c r a c k  growth  d i r e c t i o n s  w i t h i n  the  same t e s t  p lane .  The 
f r a c t u r e  toughnesses, KIC, for t h e  ex t ruded  a lumina m a t e r i a l  a r e  s i m i l a r  t o  
those o f  s i n g l e  c r y s t a l  A1203 when cons idered i n  t e r m s  of the  c r y s t a l l o g r a p h i c  
t e x t u r e  t h a t  e x i s t .  
basa l  p lanes ,  t h e  toughness va lue  i s  lower .  The excep t ion  t o  t h i s  i s  t he  RL 
o r i e n t a t i o n  o f  t h e  ex t ruded  a lumina.  
KIC, t h a t  i s  s i m i l a r  to  t h a t  of t h e  RC o r i e n t a t i o n  if the  s i n g l e  c r y s t a l  
f r a c t u r e  p r o p e r t i e s  t o t a l l y  dominate f r a c t u r e .  The va lue ,  however, i s  much 
lower .  
t o  the  c rack  f r o n t  has a f fec ted  these r e s u l t s ,  and t h a t  the toughness o f  
s i n g l e  c r y s t a l  A1203 i s  o n l y  a p a r t i a l  i n f l u e n c e  on the  t o t a l  toughness 
a n i s o t r o p y .  
For  t h e  LC o r i e n t a t i o n ,  which has a lower  d e n s i t y  o f  
I t  should e x h i b i t  f r a c t u r e  toughness, 
One can conclude t h a t  t h e  o r i e n t a t i o n  of e longated  p o r o s i t y  r e l a t i v e  
Two o t h e r  i n d i c a t i o n s  o f  e x t r i n s i c  t e x t u r a l  toughening occu r red :  c r a c k  
c l o s u r e  and a tendency of the  c rack  t o  grow i n  smal l ,  uns tab le  b u r s t s  o f  c r a c k  
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ex tens ion ,  i n s t e a d  o f  the  smooth, t o t a l l y  s t a b l e  c r a c k  e x t e n s i o n  e x h i b i t e d  by 
t h e  i s o s t a t i c a l l y  pressed a lumina body. T h i s  d i s c r e t e  i n t e r a c t i o n  o f  t h e  
m i c r o s t r u c t u r e  w i t h  t h e  c rack  f r o n t  was most p r e v a l e n t  for  the  RC o r i e n t a t i o n ,  
i n  which t h e  l o n g  axes o f  t h e  pores  a r e  a l i g n e d  p a r a l l e l  to  t h e  p r i m a r y  c r a c k  
f r o n t .  The LC o r i e n t a t i o n ,  i n  which t h e  l o n g  axes o f  t h e  pores  a re  o r i e n t e d  
p e r p e n d i c u l a r  t o  the  c rack  p lane ,  e x h i b i t e d  smooth, s t a b l e  c r a c k  ex tens ion .  
I f  t h e  pores i n  t h i s  ex t ruded  a lumina a re  cons idered t o  a c t  as a l i g n e d  groups 
or c l u s t e r s  o f  d e f e c t s  t h a t  a c t  i n  un i son ,  as t h e  f r a c t u r e  topography 
suggests ,  then these a l i g n e d  pore  groups or c l u s t e r s  can e f f e c t i v e l y  a c t  as 
macroscopic c r a c k  t i p  b l u n t e r s  i n  t h e  RC o r i e n t a t i o n .  The f l a w s  i n i t i a l l y  
a t t r a c t  t h e  macrocrack by a c t i n g  as s t r e s s  c o n c e n t r a t i o n s ;  however, t hey  
u l t i m a t e l y  b l u n t  t he  p r imary  c r a c k  t i p  because t h e y  a r e  l a r g e  and comp l ian t  
r e l a t i v e  t o  an a t o m i c a l l y  sharp c r a c k  t i p .  
Thus t h e  toughness a n i s o t r o p y  appears t o  be r e l a t e d  p r i m a r i l y  t o  t h e  
e f f e c t s  o f  o r i e n t e d  pore c l u s t e r s  and t h e  s i n g l e  c r y s t a l  A1203 c leavage 
energ ies .  I n  t h e  RC and RL o r i e n t a t i o n s ,  t h e  f r a c t u r e  p lane  c o n t a i n s  many 
tough basa l  p lanes .  Fur thermore,  t h e  pores  a r e  o r i e n t e d  w i t h i n  t h a t  c rack  
p lane and r e a d i l y  i n t e r a c t  w i t h  t h e  p r i m a r y  c r a c k  f r o n t .  
n o t  o n l y  has fewer basal  p lanes  to  toughen t h e  m a t e r i a l ,  b u t  t h e  pores a re  
a l i g n e d  p e r p e n d i c u l a r  t o  t h e  p r i m a r y  c r a c k  p lane  and l e s s  i n t e r a c t i o n  occu rs .  
The development of wake r e g i o n  b r i d g i n g  and m ic roc racks  appears t o  be t h e  
p r imary  cause of t h e  r i s i n g  c r a c k  growth  r e s i s t a n c e ,  b u t  does n o t  t o  account  
f o r  t h e  b u l k  f r a c t u r e  toughness a n i s o t r o p y .  
The LC o r i e n t a t i o n  
V .  CONCLUSION 
Development of t e x t u r e  i n  a p o l y c r y s t a l l i n e  a lumina by e x t r u s i o n  has 
r e s u l t e d  i n  Young's modulus a n i s o t r o p y  o f  5 pe rcen t  and toughness a n i s o t r o p y  
o f  n e a r l y  40 p e r c e n t .  
i s o t r o p i c  body t h a t  e x h i b i t s  a toughness l e v e l  comparable t o  the  l owes t  
I s o p r e s s i n g  t h e  same a lumina powder r e s u l t s  i n  an 
1 1  
toughness o r i e n t a t i o n  of t h e  ex t ruded  body. Severa l  f a c t o r s  i n f l u e n c e d  t h e  
toughness r e s u l t s  of these i sop ressed  and ex t ruded a luminas.  These i n c l u d e  
t h e  magnitudes of t h e  s i n g l e  c r y s t a l  c leavage energ ies  and t h e  e f f e c t s  o f  
shape and o r i e n t a t i o n  of t h e  g r a i n s  and pores r e l a t i v e  t o  t h e  p r imary  c r a c k  
f r o n t .  
R-curves f o r  these p o l y c r y s t a l l i n e  a luminas e x h i b i t  c h a r a c t e r i s t i c  
r e g i o n s ,  even though t h e  a lumina i s  processed by s u b s t a n t i a l l y  d i f f e r e n t  
techn iques .  Upon i n i t i a t i o n  of c r a c k  growth ,  KIR inc reases  r a p i d l y  and 
reaches a p l a t e a u  a t  t h e  macroscopic  f r a c t u r e  toughness. The s lopes o f  t h e  
r i s i n g  l i n e a r  r e g i o  
and appear t o  be r e  
b o t h  a luminas.  The 
e x t r i n s i c  t e x t u r e s  
s a r e  s i m i l a r  o v e r  t h e  range of c r a c k  ex tens ion  measured 
a t e d  to  a wake r e g i o n  damage mechanism t h a t  i s  common t o  
s l o p e  i s  n o t  d i s t i n c t l y  i n f l u e n c e d  by t h e  i n t r i n s i c  or 
n these a luminas ,  however, R-curve l e v e l  i s  c o n t r o l l e d  b y  
t h e  t e x t u r e .  Exper imenta l  o b s e r v a t i o n s  i n d i c a t e  t h a t  t h e  R-curve mechanism 
i s  wake r e g i o n  c r a c k  sur face b r i d g i n g  and f r i c t i o n a l  e f fec ts ,  accompanied b y  
l i m i t e d  m i c r o c r a c k i n g  i n  t h e  d i r e c t i o n  normal t o  t h e  p r imary  c r a c k  p l a n e .  
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A1 Si 1 Mg I Fe C a  Na Ti 
Property 
Orientation 
RC 
LC 
RL 
Isopressed 49.9 1.19 0.48 0.03 0.13 0.03 0.01 I Extruded 1 49.1 1 1.05 1 .05 I .01 I .07 1 .05 1 .01 1 
E, V E, V 
GPa GPa 
--- -_-- _ _ _  _ _ _ _  
367 0.23 376 0.23 
367 .23 392 .25 
369 .23 372 .24 
TABLE 11. - YOUNG'S MODULUS AND POISSON'S 
RATIO (SONIC METHOD) 
I Processing I Isopressed I Extruded I 
1 Density (gm/cc> 3.74 3.70 I 
1 6  
TABLE 111. - MICROSTRUCTURAL PARAMETERS IN THE LONGITUDINAL PLANE 
CAI1 dimensions are in microns. 10-6 m.1 
Met hod 
Feature 
Processing 
Fraction 
Mean length 
Mean breadth 
~ 
Image analysis Linear intercept 
Pores Grains Grains 
Isopressed Extruded Isopressed Extruded Isopressed Extruded 
--- --- 10.3 10.8 --- --- 
10.5 10.3 6.0 5.9 --- --- 
7.1 6.8 3.5 3.5 --- --- 
TABLE I V .  - FRACTURE TOUGHNESSES AND R-CURVE 
SLOPES W I T H  95 PERCENT CONFIDENCE LIMITS 
Para1 1 el 
Perpendicular 
P r o c e s s i n g  
8.8 9.0 5.1 5.2 5.5 6.5 
8.8 8.0 4.6 4.2 5.5 5.2 
Tough ne s s 
MPa m1 
I s o p r e s s e d  
RC 
LC 
RL 
A 1  1 
S 1 opea 
MPa/ml l 2 x 1  0-3 
Ex t ruded  
RC 
LC 
RL 
3.6920.05 
3.682.02 
3.672.05 
3.642.03 
0.12+0.02 
.12+.01 
.14+.01 - 
.16+.01 
4.94+0.37 
3.992.12 
3.632.2 1 
TABLE V.  - FRACTURE PARAMETERS FOR SINGLE 
CRYSTAL ALUMINA (REF.  2 )  
0 .1  3 t0 .02  
.15+ .02 
.14+.021 - 
P1 ane 
c - (0001) 
M - (10TO) 
A - < l l Z O >  
R - ( 1 0 ~ 2 )  
Shappela 
c l e a v a b i  1 i t y  
9.5 
10.2 
12.4 
9.2 
G I G b  
J /m2 
> 40 
7 .3  
6.0 
4.54 
3.14 
2.38 
2.43 
aRef. 30. 
bRef. 31. 
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- EXTRUSION DIRECTION -b 
FIGURE 1 .  - MICROSTRUCTURE FOR THE RC TEST ORIENTATIONS: (A) AND (B) ARE PORE STRUCTURES OF THE ISOPRESSED AND EX- 
TRUDED ALUMINAS: (C) AND (D) ARE GRAIN STRUCTURES OF THE ISOPRESSED AND EXTRUDED ALUMINAS. 
0 
A TRANSVERSE 
0 LONGITUDINAL 
I A A  
I 2  'I 
n 1  
w N I 
0 
I- 
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' A  
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INTERPLANAR ANGLE, DEG 
FIGURE 2. - INVERSE POLE FIGURE FOR TRANSVERSE AND LONGI- 
TUDINAL SECTIONS OF THE ALUMINAS. 
PROCESSING BLANK SIZE B = 2H W = a, a, 
ISOPRESSED 25x51~102 10 20 4 
EXTRUDED 25x25~51 10 20 4 
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FIGURE 3. - DIMENSIONS AND GEOMETRY OF SHORT BAR CHEVRON- 
NOTCHED FRACTURE TOUGHNESS SPECIMENS USED IN THIS IN- 
VESTIGATION. 
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ALL DIMENSIONS IN mm ALL DIMENSIONS IN mm 
FIGURE 4. - TEST SPECIMEN REMOVAL PATTERN FROM THE PROCESSED BLANKS OF THE ALUMINAS. 
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FIGURE 6. - SCHEMATIC R-CURVE DIAGRAM FOR THE ALUMINAS. 
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( A )  LC ORIENTATION. 
FIGURE 7. - TYPICAL FRACTURE TOPOGRAPHY OF THE ISOSTATICALLY 
PRESSED ALUMINA. 
(B) RC ORIENTATION. 
( C )  RL ORIENTATION. 
FIGURE 8. - FRACTURE TOPOGRAPHY OF THE EXTRUDED 
ALUM I NA . 
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FIGURE 9 .  - SEN FRACTOGRAPH OF THE ISOSTATICALLY PRESSED ALUMINA. 
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( A )  FRACTURE RIDt iE  AND IHk SURROUNDING REGION. 
(B) FRACTURE RIDGE. 
FIGURE 10. - FRACTOGRAPHS OF THE EXTRUDED ALUMINA TESTED I N  THE RL 
ORIENTATION. 
FIGURE 11. - FRACTOGRAPH OF THE EXTRUDED ALUMINA TESTED IN THE LC 
ORIENTATION. ILLUSTRATING A FRACTURE ROUND AND THE SURROUNDING 
TRANSGRANULAR REGION. 
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